The manipulation of magnetization in thin ferromagnetic layers using an in-plane electric current, which generates spin-orbit-torque (SOT) on the magnetic moments, is being explored as an alternative way to perform writing in magnetic tunnel junctions (MTJs), 1 with improved energy efficiency, reliability, and density compared to magnetic field-based and spin-transfer torque (STT)-based methods. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] The current-induced SOTs generated in heavymetal (HM) j ferromagnet (FM) j oxide layer (OX) structures can be quantified in terms of internal effective magnetic fields acting on the magnetic moments. These SOTs have been attributed to the spin-Hall effect (SHE), the Rashba effect, or unknown mechanisms in various experiments. 8, 12, 13 In previous works, however, the origin of the current-induced torques generated by the spin-orbit coupling (SOC) has been mostly considered to be at the interface between the heavy metal and the ferromagnetic layer in a HMjFMjOX tri-layer. A large amount of work has been dedicated to identifying materials with large SOC to generate giant spin currents for magnetization switching. However, recent works have demonstrated that in fact both interfaces of the ferromagnetic layer may affect the fieldlike and damping-like SOT terms, 14 and hence contribute to the switching of the ferromagnetic layer by in-plane current.
In this work, we experimentally study the effective perpendicular magnetic field, H FL z generated by in-plane electric current in structures with broken in-plane structural symmetry, consisting of perpendicularly magnetized HfjCoFeB(wedge)j MgO (MgO-based) and HfjCoFeB(wedge)jTaO x (TaO x -based) tri-layers (see Fig. 1(a) ). The experimental results show that the oxide layer in HMjFMjOX structures has a critical role in determining the torques on the magnetic moments generated by an in-plane current. In addition, we obtain magnetic switching phase diagrams for these different oxide layer samples, under different longitudinal magnetic fields H L .
Hf (5) 20 (wedge)jTaO x stacks (thickness in nanometers and the composition of the CoFeB in atomic percent) were deposited on a thermally oxidized SijSiO 2 substrate by a magnetron sputtering system. The CoFeB layer in both samples was grown in a wedge shape (i.e., with varying thickness from 0.4 to 1.6 nm across 50 mm along the wafer) along the y-axis (see Fig. 1(a) ). The metal layers (Hf, CoFeB, and Ta) were deposited by using a dc power source. For the TaO xbased sample, we oxidized a uniform 1.5 nm Ta layer under an O 2 /Ar plasma. For the MgO-based sample, a 5 nm MgO layer was deposited by rf sputtering, and a TaO x layer was then grown on top of the MgO for protection. After the deposition process, the TaO x and MgO-based samples were annealed at 200 and 250 C for 30 min, respectively. The films were then patterned into 20 lm Â 130 lm Hall bars by photo-lithography and dry-etching techniques. All deposition processes and transport measurements were performed at room temperature.
The easy and hard-axis magnetization of the samples was measured by a Vibrating Sample Magnetometry (VSM) system to investigate the magnetic anisotropy energy. Figure 1(c) shows the effective magnetic anisotropy energy, K ef f , multiplied by the thickness of the CoFeB layer, t CoFeB , as a function of the CoFeB thickness in HfjCoFeB (wedge)jMgO and HfjCoFeB(wedge)jTaO x structures. Both samples exhibit out-of-plane anisotropy ðK ef f > 0Þ for the thickness of CoFeB ranging from $0.5 to $1.5 nm, while inplane anisotropy ðK ef f < 0Þ was observed for thicker CoFeB films. The perpendicular magnetic anisotropy (PMA) in the MgO-based sample is stronger than that in TaO x -based structures, as seen from Fig. 1(c) . We calculated the effective magnetic anisotropy energy, K ef f , to determine interfacial anisotropy energy for both samples from
where K b is the bulk anisotropy energy density, K i is the interfacial anisotropy energy density, and M s is the saturation magnetization. Based on a linear fit of the data in Fig. 1(c Next, we performed transport measurements on both samples. The charge current was applied along the x axis, and the voltage generated by the extraordinary Hall effect (EHE) was measured along the y axis (see Figs. 1(a) and 1(b) for the experimental configuration). To make a fair comparison of the spin-orbit torques, we selected similar devices from each sample in terms of the PMA properties. These two devices are referred to as device I and device II in the following, which are based on the HfjCoFeBjMgO and HfjCoFeBjTaO x material stacks, respectively. Figure 2 shows the extraordinary Hall resistance, R EHE , as a function of the out-of-plane magnetic field, H z , at 61, 65, and 610 mA bias current, for device I (a)-(c) and device II (d)-(f), respectively. The arrows represent the magnetization direction of the devices. When the bias current value is increased from 1 to 10 mA, the coercivity is decreased for both devices as expected. However, it is observed that while the centers of the hysteresis loops are shifted to the left (right) at positive (negative) currents for device I (HfjCoFeBjMgO), no shift occurs for device II (HfjCoFeBjTaO x ). The shifting of the R EHE À H z curves along the easy axis indicates that there is a currentinduced effective field in the z direction, H FL z ; which is caused by the in-plane structural asymmetry due to the varying thickness of the CoFeB layer. 15, 16 As expected, this field depends on both the direction and magnitude of the applied current.
We calculated the offset field using
, where H þ ðH À Þ is the positive (negative) switching field at each bias current value applied from 61 to 610 mA. Figures 3(a) and 3(b) show H of f set as a function of the bias current (along the x and y-axis) for device I and device II, respectively. It is observed that the offset field in device I changes linearly with the bias current along the corresponds to the effective field-like magnetic field in the z-direction generated by in-plane electric current due to the lateral symmetry-breaking in the device. 15 M represents the magnetization direction of the CoFeB layer, and J denotes the in-plane electric current density. (b) Optical photograph of one device and the dc experimental configuration. (c) Effective magnetic anisotropy energy, K ef f , multiplied by the thickness of the CoFeB film, t CoFeB , as a function of the CoFeB thickness in HfjCoFeB(wedge)jMgO and HfjCoFeB(wedge)jTaO x structures. Interfacial anisotropy energy density, K i , and saturation magnetization were found to be 1:560:3 erg=cm 2 , 1:260:3 erg=cm 2 , and 1210, 1170 emu/cm 3 in MgO and TaO x -based samples, respectively.
x-axis and is much larger than the one for device II. From these results, one can then extract the offset field magnitude per current density, i.e., b z ¼ DH of f set =DJ x , where J x is current density. The resulting values of b z for devices I and II are À14.12 Oe/10 7 A cm À2 and À1.05 Oe/10 7 A cm À2 , respectively, indicating that the effective field per current density in the HfjCoFeBjMgO structure is $13Â larger than in the HfjCoFeBjTaO x case. Figures 3(c) and 3(d) show the dependence of b z on the CoFeB thickness along the wedge for both MgO and TaO x -based structures. In Fig. 3(c) , the magnitude of b z decreases with the increasing of CoFeB thickness up to $1.0 nm. As mentioned before, the effective magnetic anisotropy energy increases with CoFeB thickness up to this same thickness (see Fig. 1(c) ). In addition, the values of b z reduce to zero once the thickness of CoFeB goes above $1.0 nm in the HfjCoFeB(wedge)jMgO structures. In this region (t CoFeB > 1:0 nmÞ, the PMA decreases with increasing CoFeB thickness (see Fig. 1(c) ). This behavior is consistent with results of an earlier work 16 on Ta-seeded samples with a CoFeB wedge, where in the thicker CoFeB region, the lateral symmetry breaking due to variation of anisotropy does not result in the b z torque on magnetic moments. On the other hand, for TaO x -based devices, the values of b z were generally too small to observe a clear trend of the b z dependence on CoFeB thickness (see Fig. 3(d) ). In addition to applying electric current along the x-axis, which means the current is perpendicular to the wedge direction, an electric current parallel to the wedge was also applied to verify the effect of the symmetry breaking on the effective out-of-plane magnetic field generated by electric current. Figs. 3(a) and 3(b) shows the H of f set as a function of the bias current along the y-axis for device I (device II). It is observed that there is no significant change in the offset field by I y in both devices, as expected due to the symmetry in this measurement configuration. We also performed all measurements on additional control samples, which do not have a wedged layer of CoFeB (i.e., no in-plane symmetry breaking) with MgO and TaO x -capped. As expected, the current-induced out-of-plane effective magnetic field is not observed in these control samples.
It is interesting to further compare these results to the SOT-induced perpendicular magnetization switching in TajCoFeB(wedge)jTaO x . 16 Although a significant H FL z has been previously observed in the case of TajCoFeB (wedge)jTaO x , with its direction and magnitude both depending on the gradient of Fe oxidation at the interface, we could not observe any notable H FL z in the HfjCoFeB(wedge)jTaO x multilayer in this work. However, a larger value of the perpendicular current-induced effective field is observed when the oxide layer is changed, i.e., in the case of HfjCoFeB (wedge)jMgO. It should be noted that a similar dependence of the SOTs on the oxide layer choice has recently also been observed for the conventional SOTs in non-wedged HfjCoFeBj(MgO or TaO x ) samples. 14 The present results (and those of Ref. 14) may have implications in terms of understanding the physical origin of the observed torques. In particular, if one assumes SHE to be the sole mechanism generating the spin-orbit torques, the latter would be expected to be proportional to the spin-Hall angle s SHE $ h SH . 18 Hence, the SOTs generated from SHE in TajCoFeBjTaO x should be expected to be larger than those in otherwise similar HfjCoFeBjTaO x structures, since the spin-Hall angle of Ta 1,18-20 is larger than that of Hf. 17 While this is consistent with our experimental results comparing Ta-seed devices 16 and Hf-seed devices in this work, the significant enhancement of the SOTs in HfjCoFeBjMgO samples points to a possible additional contribution to the torque from the FMjOX interface.
Next, we performed current-driven magnetic switching in the perpendicularly magnetized devices with HfjCoFeBj (MgO or TaO x ) stacks. Figures 4(a) and 4(b) show the out-ofplane magnetization, M z (normalized using the extraordinary Hall resistance values), as a function of the current density, without an external magnetic field in HfjCoFeBj MgO (Fig.   FIG. 3. (a) and (b) Offset field H of f set along the z axis, as a function of the bias current (I x (I y ) is perpendicular (parallel) to the wedge) for device I on the HfjCoFeBjMgO wafer and device II on the HfjCoFeBjTaO x wafer, respectively. (c) and (d) The b z values determined using DH of f set =J x as a function of the CoFeB thickness for both film structures.
4(a)) and under a constant longitudinal external magnetic field, H L in HfjCoFeBjTaO x (Fig. 4(b) ). It is observed that the perpendicular effective field, H FL z , allows for deterministic switching of the perpendicularly magnetized CoFeB layer, using an in-plane electric current without an external magnetic field in HfjCoFeBjMgO (device I). However, in device II which is capped with TaO x , an external magnetic field is necessary to switch the magnetization via in-plane currents due to the small b z . This field, H L ¼ 7100 Oe, serves to tilt the magnetization from the z axis to enable deterministic switching of CoFeB. 20, 21 We performed current-induced magnetic switching measurements for devices with different CoFeB thickness along the wedge. Based on the data, one can construct a phase diagram for current-induced magnetic switching in these samples, which is given in Fig. 5 for HfjCoFeB(wedge)jMgO (a) and HfjCoFeB(wedge)jTaO x (b). In these figures, the switching current density was determined using jJ SW j ¼ jðJ
Þ is the positive (negative) switching current density (see Fig. 4(a) ). The current-induced magnetic switching distributions are represented by color, which changes from blue (jH L j ¼ 0 Oe) to red (jH L j ¼ 500 Oe). The black color represents that there is no full magnetic switching within the applied range of current density (up to 10 7 A/cm 2 ) and longitudinal magnetic field (up to 500 Oe). The dark blue area represents zero-field magnetic switching in Fig. 5(a) , indicating that below CoFeB thickness of $0.9 nm, the perpendicularly magnetized CoFeB can be switched by current-induced torques at zero magnetic field. The switching current density increases with the CoFeB thickness as expected, because the PMA is increasing with the thickness in this range, while also the b z magnitude is decreasing with increasing CoFeB thickness below 0.9 nm. On the other hand, in Fig. 5(b) , one does not observe any current-driven magnetic switching at zero magnetic field within the present range of currents, as expected due to the very small b z for all devices on the HfjCoFeB(wedge)jTaO x sample.
In conclusion, we have demonstrated the electric current-induced perpendicular magnetization switching, and its dependence on the choice of different oxide layers, in HfjCoFeB(wedge)j(MgO or TaO x ) structures. To break the structural symmetry in the sample plane, a CoFeB layer with varying thickness is used. While a large currentinduced effective field in the z direction is observed in HfjCoFeBjMgO, this was not the case in HfjCoFeBjTaO x . It was also shown that the current-induced magnetic switching phase diagram in HfjCoFeB(wedge)j(MgO or TaO x ) is in good agreement with the magnitude of b z . Due to the high tunneling magneto-resistance ratio in MTJ devices with MgO barrier, a three-terminal MTJ device comprising HfjCoFeBjMgO can potentially be used to manipulate the free layer in Magnetic Random Access Memory arrays, writing data using the current-induced SOT effect under zero magnetic field.
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